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Abstract

In these assessments of releases from copper smelters and refineries and from zinc plants as Priority Substances
under the Canadian Environmental Protection Act(CEPA), available data were critically evaluated to determine if
environmental exposure to selected components of these releases poses a risk to human health. The data on airborne
levels of a variety of toxic substances near these facilities in Canada were obtained from the companies or provinces
and systematically analyzed. Monitoring of ambient air near the Canadian copper smelters and refineries and zinc
plants indicates that releases from these facilities result in increased potential for inhalation exposure of local human
populations to several components of releases(As, Cd, Cr, Ni, Pb, SO and PM). Airborne levels in the vicinity of2 10

these metal-processing operations overlap those associated with cardiorespiratory effects for PM , and exceed health-10

based guidelines for SO and, near some facilities, Pb. In addition, the margin between levels of As, Cd, Cr and Ni2

near these facilities in Canada and carcinogenic potency for each of these metals is relatively small near copper
smelters, larger near copper refineries, and intermediate near zinc plants. On this basis, the risk to human health from
environmental exposure to releases from these facilities is considered to be high compared with other Priority
Substances assessed under CEPA, especially for facilities where copper is smelted.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

‘Releases from primary and secondary copper
smelters and copper refineries’ and ‘releases from
primary and secondary zinc smelters and zinc
refineries’ are two entries that were included on
the second Priority Substances List(PSL) under
the Canadian Environmental Protection Act

*Corresponding author. Tel.:q1-613-957-9576; fax:q1-
613-954-2486.

E-mail address: ron_newhook@hc-sc.gc.ca(R. Newhook).

(CEPA) (ECyHC, 1995). For substances on the
PSL, an assessment is conducted to determine
whether environmental exposure to these sub-
stances poses a risk to the environment or to
human health. Substances that are determined to
pose a risk may then be subject to various risk
management measures, such as regulations, guide-
lines, pollution prevention plans or codes of prac-
tice to control any aspect of their life cycle.
Environment Canada conducts the assessment of
the risks to the environment, while Health Canada
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is responsible for the human health assessment.
For a description of the approach to health risk
assessment for Priority Substances, see Meek et
al. (1994).

In this paper, the human health risk assessments
for ‘releases from primary and secondary copper
smelters and copper refineries’ and ‘releases from
primary and secondary zinc smelters and zinc
refineries’(more conventionally referred to as zinc
plants) are summarized. Because of their similari-
ties, assessments of these two entries were con-
ducted in parallel, and the findings were reported
together in a single report. The full assessment
report (ECyHC, 2001), which presents the com-
plete environmental and human health assess-
ments, is available from the HECS Publishing
Unit, Holland Cross Building, Main Floor, Suite
14, 1600 Scott Street, Ottawa, Ontario K1A 0K9
or on the Internet at www.hc-sc.gc.cayexsd-dse.

Since the entries included on the second PSL
relate to ‘releases’ from copper smelters and refin-
eries and from zinc plants, the human health
assessments were conducted for populations in the
vicinity of these facilities, who are expected to be
most exposed to substances emitted from them,
and on evaluating the potential impacts of current
releases. Since most releases(on a mass basis) are
discharged to air, and the critical effect for a
number of the substances of concern is associated
with the inhalation route of exposure, these assess-
ments were focused on evaluating health risks
from airborne emissions. Levels in air were also
expected to better reflect current releases than is
the case for other environmental media, which can
be strongly influenced by high historical emissions.
Consequently, the human health assessments
included a summary of recent airborne levels of a
number of substances near these facilities in Can-
ada, obtained in response to a questionnaire sent
to the companies. The available epidemiological
studies of populations in the vicinity of copper
smelters and refineries and zinc plants were also
reviewed(ECyHC, 2001) but are not summarized
in any detail in this article, which is instead
focussed on the exposure data and risk character-
ization for populations near the Canadian facilities.
Given the number and variety of substances
released from copper smelters and refineries and

zinc plants, these health assessments built on
previous work for information on health effects
and exposure–response for individual substances,
relying on other assessments conducted under the
PSL assessment program and other programs.

2. Monitoring data

All copper smelters and refineries and zinc
plants currently operating in Canada were included
in these assessments. Six copper smelters, four
copper refineries and four zinc plants were identi-
fied (Table 1). The companies operating these
facilities were approached in 1998 for recent data
on the airborne levels of various substances
released from these facilities, along with relevant
sampling and analytical information. In cases
where ambient air monitoring was conducted by
provincial agencies(i.e. Ontario Ministry of the
Environment) these were also collected and includ-
ed in the assessments.

The components of releases to air for which
data were collected included several metalsymet-
alloids (As, Cd, Cr, Ni and Pb), SO and particu-2

late matter(PM). Data on the airborne levels of
each of these components were available for a
limited number of sites near each of the Canadian
copper smelters and refineries and zinc plants. The
data collected are summarized in Tables 2–4. For
each site, the tables include summary statistics for
the most recent year for which data were provided,
as well as the identity, location and type of site
(e.g. residential), and the number of samples. For
each facility, data on SO were available for a2

greater number of sites than was the case for PM
or the metals.

Data on the concentrations of As, Cd, Cr, Ni
and Pb in ambient air were, in most cases, based
on analyses of total suspended particulate(TSP)
monitoring, with the exception of two sites in
Sudbury and one in Montreal East, where the
PM fraction was analyzed. A summary of the10

data on ambient air concentrations of As, Cd, Cr,
Ni and Pb is presented in Table 2. A relatively
long averaging period(i.e. annual) was selected,
because the critical effects for each of these metals
are associated with long-term exposure.
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Table 1
Copper and zinc production facilities whose releases were assessed

Facility Type Location Copperyzinc Year Source
production (production)
(tonnesyyear)

Copper production
Noranda-Horne Copper smelter Rouyn-Noranda, Que. 213 000 95 A
Falconbridge-Kidd Creek Copper smelter Kidd Creek(Timmins), Ont. 99 000 96 A
Hudson Bay Mining and Smelting Copper smelter Flin Flon, Man. 74 000 95 B
(HBM&S)

Noranda-Gaspe´ Copper smelter Murdochville, Que. 103 000 95 A
Inco-Copper Cliff Nickelycopper smelter Copper Cliff(Sudbury), Ont. 120 000q75 000 Ni sulphide matte C
Falconbridge-Sudbury Nickelycopper matte smelter Falconbridge(Sudbury), Ont. 60 000 matte(;55%Cu) 95 AB
Noranda–Canadian Copper Refinery Copper electrorefinery Montreal East, Que. 347 000 95 A
(CCR)

Falconbridge-Kidd Creek Copper electrorefinery Kidd Creek(Timmins), Ont. 104 000 95 B
Inco-Copper Cliff Copper electrorefinery Copper Cliff(Sudbury), Ont. 88 000 93 B
Inco-Copper Cliff Copper electrowinning plant Copper Cliff(Sudbury), Ont. 15 000 C

Zinc production
Cominco-Trail Zinc RLEyPLE Trail, B.C. 264 000 95 A
Noranda Canadian Electrolytic Zinc Zinc RLE Valleyfield, Que. 223 000 95 A
(CEZinc)

Falconbridge-Kidd Creek Zinc RLEyPLE Kidd Creek(Timmins), Ont. 131 000 96 A
HBM&S Zinc PLE Flin Flon, Man. 93 000 95 B

Abbreviations: RLE, roast-leach–electrowin plant; PLE, pressure-leach–electrowin plant. A—EC(1997); B—Hatch Associates(1997); C—Approximate recent
figures, ECyHC (2001).
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Table 2
Annual average concentration of As, Cd, Cr, Ni and Pb in ambient air near copper smelters and refineries and zinc plants in Canada

Facility Site Distance(km) Number Annual arithmetic mean concentration(mgym )3

(Year) and direction, of
As Cd Cr Ni Pbsite typea samples

Copper smelters
Noranda-Gaspe´ Mines de Gaspe´ 1.5 E, Rs 55 0.028 0.001 – – 0.197
(1997)

Noranda-Horne Arena Dave Keon 0.7 S, Rs 59 0.255 0.018 0.006 0.013 1.268
(1996–1997) Laiterie Dallaire 2.9 SW, Rs 58 0.033 0.002 0.005 0.005 0.155

Hotel de Ville 1.8 S, Rs 46 0.124 0.007 0.006 0.008 0.629
Ecole Notre´ 0.8 S, Rs 53 0.180 0.008 – – 0.701
Dame
250 6 rueieme 0.3 S, Rs 55 0.589 0.015 – – 2.339

HBM&Sb Barrow prov Bldg 0.6 E, InyCo 117 0.05 0.04 – – 0.52
(1996)c Ruth Betts School 1.1 SE, Rs 115 0.01 0.01 – – 0.15

FF Sewage Plant 2.0 SE, Rs 115 0.01 0.01 – – 0.08

Copper refineries
Noranda-CCR Centre Civicd 0.5 NE, InyRs 21 0.008 0.000 0.003 0.011 0.034
(1997) Edouard Rivet

Zinc plants
Noranda-CEZinc Boul Cadieux 1.3 E, Ru 45 – 0.019 – – –
(1998)

Combined sources
Sudbury region –e Edison F 0.8 W, I 21.6 NE, Rs 120 0.007 0.016 0.011 0.077 0.025
NiyCu smelters & Pumphouse F 1.0 SE, I 21.25 NE, InyRs 121 0.007 0.016 0.011 0.089 0.026
Cu refinery Federal Bldgd F 17.6 SW, I 6 NE, RsyCo 9–57 – 0.00076 0.003 0.046 0.024
(1995–1997) Copper Cliffd F 23.4 SW, I 0.7 W, InyRs 10–60 0.006 0.0013 0.007 0.151 0.051

Falconbridge-Kidd AMS�1 1.4 NE, InyRu 61 0.036 0.014 – – 0.16
Creek–Cu AMS�6 0.6 S, InyRu 61 0.098 0.038 – – 0.52
smelter, Cu
refinery & Zn AMS �7 1.6 E, InyRu 61 0.029 0.008 – – 0.09
plant (1997)
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Table 2(Continued)

Facility Site Distance(km) Number Annual arithmetic mean concentration(mgym )3

(Year) and direction, of
As Cd Cr Ni Pbsite typea samples

Cominco-Trail– West Trail 1.4 SE, Rs 59 0.0235 0.0094 – – 0.261
Pb smelter & Oasis 4.3 NW, RuyRs 59 0.0252 0.0084 – – 0.234
Zn plant Warfield 2.4 W, Rs 59 0.0162 0.0071 – – 0.172
(1998) Genelle 12.7 NE, Rs 58 0.0198 0.0070 – – 0.152

Glenmerry 3.9 E, Rs 58 0.0349 0.0096 – – 0.304
Downtown 0.8 SE, Co 58 0.0247 0.0101 – – 0.344
Columbia 10.5 SE, RuyIn 57 0.0140 0.0117 – – 0.285
Gardens 19 S, Ru
Northport 27 0.0112 0.0061 – 0.058

‘Background’ Averaged 0.00062 0.00026 – 0.00069 0.00402
Sites removed from point sources(both remote over " " " "
and anthropogenically influenced) several 0.00028f 0.00023 0.00077 0.00419
in the Canadian Shield(OME sites) years
and Great Lakes(IADN sites)

Site types: Rs, residential, Ru, rural, Co, commercial, In, industrial.a

Although it includes both a copper smelter and a zinc plant, HBM&S has been included with copper smelters, since, due to the process used, releases to air fromb

the zinc plant are negligible.
After mid-1997, sampling was conducted only when the wind was blowing in the general direction of the monitoring stations and the town; consequently,datac

collected after this point in time were not included, because they were not considered to be representative of potential exposure over the entire year.
The values presented for these sites were measured for the PM fraction, whereas the values at all other sites were determined on TSP.d

10

For the Sudbury region, site locations are reported with respect to both the Falconbridge-Sudbury(F) and Inco-Copper Cliff(I) facilities.e

Values presented are grand mean"standard deviation across a number of sites(i.e. between 7 and 11) for each metal.f
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Table 3
Annual summary of 24-h ambient air concentrations of SO near copper smelters and refineries and zinc plants in Canada2

Facility Site Distance(km) � of 24-h Arith. Maximum 24-h concentration
rangesc(Year) and direction, periods Mean (mgym )2

0–125 )125
site typea (mgym )2 b

mgym2 mgym2

Copper smelters
Noranda-Gaspe´ Gaspe´ 1.5 E, Rs 365 33.4b 252 343 22
(1997) MEF 1.7 SE, Rs 365 35.2 231 345 20

Noranda-Home Pneus Abitibi 3.2 SE, Rs 365 22.6b 128.3 364 1
(1997) Rouyn Sud-est 2.5 SE, Rs 365 33.0b 239 349 16

Parc Mouska 1.8 SW, Rs 365 15.7b 174 364 1
Noranda Nord 2.3 NW, Rs 365 18.3b 193 363 2
Rouyn Centre 1.5 S, Rs 365 23.6b 251 362 3
Parc Tremblay 2.4 SE, Rs 365 30.0b 256 358 7
Hotel de Ville 1.8 S, Rs 365 37.4 223 348 17

HBM&S (1998)d Staff House 0.7 SE, InyCo 365 31.7 548 335 30
Creighton Fire Hall 1.9 CoyRs 365 16.3 305 353 12
Hapnot Collegiate 2.1 E, CoyRs 365 14.6 294 356 9
Aqua Centre 2.6 NE, Rs 365 7.3 242 362 3

Zinc plants
Noranda-CEZinc Boul.Cadieux 1.3 E, Ru 351 27.5 223 340 11
(1998) Louis IV Major 1.7 NW, Rs 354 5.4 57 354 0

Combined sources
Sudbury regione,f Skead, Sudbury F 9 N, I29.3 NE, Ru 365 15.6 208 364 1
(1997) Hanmer, Sudbury F 14.9 NW, I22.2 N, Rs 365 8.2 109 365 0

Ash St., Sudbury F 18.6 SW, I5 NE, Rs 365 16.3 123 365 0
Coniston F 10.8 S, I15.4 E, Rs 365 11.9 178 364 1
Garson F 4.9 SW, I17.5 NE, Rs 358 11.0 101 358 0
Sparks St., New Sudbury F 12.2 SW, I10.0 NE, Rs 365 12.8 130 364 1
Long Lake, Sudbury F 25 SW, I8.5 SE, Rs 365 12.7 135 363 2
Mikkola, Sudbury F 29.8 SW, I7.8 SW, Rs 365 10.0 179 364 1
Science North F 19.0 SW, I4.2 E, Rs 363 9.8 161 362 1
Rayside F 22.7 W, I13.8 NW, RuyIn 365 5.7 86 365 0
Market St., Copper F 23.4 SW, I0.7 W, InyRs 364 16.6 206 356 8
Cliff
Arthur Robinson F 20.3 SE, I3 SW, Rs 178 12.6 166 176 2
School
Dozzi Park, Sudbury F 20.3 SW, 13.5 E, Rs 363 10.6 104 363 0
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Table 3(Continued)

Facility Site Distance(km) � of 24-h Arith. Maximum 24-h concentration
rangesc(Year) and direction, periods Mean (mgym )2

0–125 )125
site typea (mgym )2 b

mgym2 mgym2

Falconbridge-Kidd AMS�1 1.4 NE, InyRu 365 27.4b 228 351 14
Creek(1997) AMS�5 0.6 SE, InyRu 365 29.0b 225 352 13

AMS�6 0.6 S, InyRu 365 13.5b 35 365 0
AMS�7 1.6 E, InyRu 365 13.4b 24 365 0

Cominco-Trail Oasis 4.3 NW, RuyRs 365 21.7 139 361 4
(1998) Warfield 2.4 W, Rs 365 19.0 183 364 1

Downtown 0.8 SE, Co 365 20.1 96 365 0
Columbia Gardens 10.5 SE, RuyIn 365 18.3 151 363 2
Butler Park 1.3 E, Rs 365 25.1 126 364 1
Trail Regional 1.2 E, Rs 365 27.5 130 364 1
Hospital
Northport 19 S, Ru 365 3.2 44 365 0
Robson 27.1 N, In 365 6.5 39 365 0
West Trail 1.4 SE, Rs 365 31.5 148 363 2
Glenmerry 3.9 E, Rs 365 21.8 111 365 0
Genelle 12.7 NE, Rs 365 12.9 97 365 0

Background levels at remote
or rural locations are reported as
5 mgym or less(FPACAQ, 1987;3

Linzon, 1999; WHO, 2001)

Site types: Rs, residential, Ru, rural, Co, commercial, In, industrial.a

The arithmetic mean value was calculated by substituting one half of the detection limit for those samples that did not contain detectable levels of SO. Thisb
2

assumption affects the calculated mean value markedly when detection limits are relatively great and ambient concentrations relatively low. The effect of this assumption
was minimal for most sites, and affected the mean value by less than 30% for all sites except those marked with a ‘b’ superscript.

The frequency with which airborne levels fell into these ranges, corresponding to the World Health Organization Air Quality Guideline for Europe 24-h averagec

concentration of SO of 125mgym (WHO, 2001) is reported.3
2

Although it includes both a copper smelter and a zinc plant, HBM&S has been included with copper smelters; due to the process used, releases to air from thed

zinc plant are negligible.
Data from the OME(courtesy of Don Racette, Northern Region).e

For the Sudbury region, site locations are reported with respect to both the Falconbridge-Sudbury(F) and Inco-Copper Cliff(I) facilities.f
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Table 4
Annual summary of estimated or measured concentrations of PM(mgym ) near copper smelters and refineries and zinc plants in Canada3

10

Facility Site Distance(km) � of Arith. St. Min Concentrations at theNth
percentile

Max
(Year) and direction, samples Mean dev.

10 50 95 99
site typea

Copper smelters
Noranda-Gaspe(1997)´ Mines Gaspe´ 1.5 E, Rs 55 16.5 9.0 2.3 7.1 15.1 33.0 44.5 49.6
Noranda-Horne(1997) Arena Dave Keon 0.7 S, Rs 59 16.4 8.1 6.1 7.7 14.8 32.4 37.8 42.0

Laiterie Dallaire 2.9 SW, Rs 58 17.9 9.7 7.1 8.7 15.2 40.1 44.7 48.0
Hotel de Ville 1.8 S, Rs 46 19.1 12.0 1.5 7.9 15.5 42.7 49.8 51.3
Ecole Notre Dame 0.8 S, Rs 54 16.1 9.9 4.4 6.7 13.1 34.8 45.1 50.4
250 6 Rueieme 0.3 S, Rs 55 27.4 18.3 5.6 9.4 23.6 58.7 84.6 105.0

HBM&S (1996)b,c,d Barrow Prov. Bldg. 0.6 E, InyCo 59 30.1 23.7 2 8.8 24 72.2 108.6 122
Ruth Betts School 1.1 SE, Rs 35 11.4 6.6 2.2 5.2 9.5 23.4 30.5 30.6
FF Sewage Plant 2.0 SE, Rs 35 8.8 7.3 2.6 3.5 7.7 16.9 36.9 43.1
Creighton School 1.9 SW, CoyRs 91 16.3 8.9 3.6 7.6 14.3 30.2 40.0 65.2

Copper refineries
Noranda-CCR(1996)d Centre Civic Edouard Rivet 0.5 NE, InyRs 28 6.0 2.8 2.7 3.5 5.0 11.4 12.8 13.3

Zinc plants
Noranda-CEZinc(1998) Boul. Cadieux 1.3 E, Ru 45 21.5 12.9 3.3 7.8 18.4 48.7 51.6 53.7

Combined sources
Sudbury region(1995–1997)e Edison F 0.8 W, I 21.6 NE, Rs 120 13.4 9.8 1 4.4 11.4 35.4 45.6 50.0

Pumphouse F 1.0 SE, I 21.25 NE, InyRs 120 12.4 8.4 1 4.5 9.9 26.9 42.2 49.0
Federal Bldg.d I 6 NE, F 17.6 SW, RsyCo 57 13.8 6.4 3 7.6 13 24.4 33.3 35
Nickel St., Sudburyd F 23.4 SW, I 0.7 60 14.4 7.6 3 6 13 27.2 34.6 37

W, InyRs

Falconbridge-Kidd Creek AMS�1 1.4 NE, InyRu 61 12.8 8.2 2.1 3.6 11.3 30.9 33.4 33.8
(1997) AMS �6 0.6 S, InyRu 61 23.6 18.1 2.3 6.9 20.3 48.1 80.6 123.9

AMS �7 1.6 E, InyRu 61 13.7 6.6 0.7 7.9 12.2 26.0 32.0 37.5
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Table 4(Continued)

Facility Site Distance(km) � of Arith. St. Min Concentrations at theNth
percentile

Max
(Year) and direction, samples Mean dev.

10 50 95 99
site typea

Cominco-Trail(1998) West Traild 1.4 SE, Rs 61 18.9 12.3 1.9 7.6 17.2 39.2 65.8 73.4
Oasisd 4.3 NW, RuyRs 61 16.4 10.1 3.1 6.7 15.3 35.4 55.2 58.6
Warfield 2.4 W, Rs 59 16.8 8.4 0.7 7.6 15.9 34.1 38 38.2
Genelled 12.7 NE, Rs 58 14.0 7.0 0 6.2 14.3 21.8 34.1 44.7
Glenmerry 3.9 E, Rs 60 16.9 8.7 3.3 7.6 14.8 34.5 39.9 42.2
Downtown 0.8 SE, Co 60 16.6 8.8 4.6 6.6 14.9 33.2 45.4 46.6
Columbia Gardens 10.5 SE, RuyIn 59 16.7 7.8 2.1 6.6 16.1 30.6 36.4 37.9
Northportd 19 S, Ru 29 16.4 14.1 0.6 4.1 10.6 38.7 63.6 69.6

Background levels measured at remote sites
in North America averaged between
approximately 4 and 11mgym3

(WGAQOG, 1999)

Site types: Rs, residential, Ru, rural, Co, commercial, In, industrial.a

Although it includes both a copper smelter and a zinc plant, HBM&S has been included with copper smelters, since, due to the process used, releases of particulateb

metals and SO from the zinc plant are negligible.2

After mid-1997, sampling was conducted only when the wind was blowing in the general direction of the monitoring stations and the town; consequently,datac

collected after this point in time were not included, because they were not considered to be representative of potential exposure over the entire year.
Measured PM values. For other sites, the PM values were estimated from the concentrations of TSP, using the regression PMs10 (WGAQOG,d 0.826=log TSP( )

10 10 10

1999).
For the Sudbury region, site locations are reported with respect to both the Falconbridge-Sudbury(F) and Inco-Copper Cliff(I) facilities.e
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Data on ambient levels of SO were generally2

obtained from the facility operators as 1-h aver-
ages. These were then used in the calculation of
24-h average ambient SO concentrations, which2

were used in the assessment of risk to human
health. The data for SO are summarized in Table2

3 for all of the facilities except for Noranda-CCR,
for which data were not obtained.

Data on the levels of PM in ambient air were,
in most cases, provided as TSP, although respirable
fractions wPM and PM x were determined near10 2.5

a few of the facilities. A summary of the PM data
is presented in Table 4. Because the health impacts
of PM have been most extensively quantified based
on the respirable fraction, the TSP concentrations
were converted to estimated PM concentrations10

using the following regression: PMs10

10 . This equation was derived based0.826=log TSP( )

on monitoring of TSP and PM at 14 urban sites10

across Canada in the National Air Pollution Sur-
veillance(NAPS) network between 1986 and 1994
(WGAQOG, 1999). The use of this approach to
estimate PM concentrations near the facilities is10

supported by the results of parallel surveys of TSP
and PM near the HBM&S copper smelter and10

zinc plant in Flin Flon and the Cominco lead–zinc
smelter in Trail, supplied by the companies in
response to requests for data on levels of PM in
ambient air. In monitoring conducted at three
locations over 10 months in 1998 in Flin Flon, the
mean ratio of measured PM to that estimated10

from TSP using the above equation was 1.04, 1.13
and 1.15, respectively, and was 1.11 overall. The
corresponding ratios of the annual mean for 1998
at four sites in Trail were 1.38, 1.33, 0.81 and
1.18, with an overall mean ratio of 1.18.

Based on the data, the airborne levels of metals,
SO and PM are increased by releases from Cana-2

dian copper smelters and refineries and zinc plants.
For those facilities where there is more than one
monitoring site, the mean concentration of As, Cd,
Cr, Ni, Pb, SO and PM is generally increased in2

relation to the proximity to the smelter. However,
while the levels are elevated in this fashion at
most of the copper smelters and refineries and zinc
plants, particularly at those monitoring sites situ-
ated very close to the facility(i.e. -1 km), the
mean concentration does not simply decline mon-

otonically as a function of increasing distance.
This is likely due to other factors that would
influence dispersion of the emissions, including
local meteorology and topography, stack height,
and fugitive emissions, as well as to the limited
number of monitoring stations situated near all the
facilities. It also appears that monitoring stations
are often located in close proximity to local pop-
ulations, which generally do not reside downwind
of the copper smelters and refineries and zinc
plants, rather than being situated where dispersion
of the emissions can be tracked.

In addition, the airborne levels of each of these
substances near Canadian copper smelters and
refineries and zinc plants are consistently higher
than regional background levels measured in areas
removed from point sources(these are also sum-
marized in the tables). However, it is noted that
there is considerable variation in the degree by
which levels are increased both between substances
and facilities. Thus, concentrations of As, Cd and
Pb are increased by up to approximately three
orders of magnitude near some facilities, compared
with more modest elevations in SO and in PM2

near all of the copper smelters and refineries and
zinc plants. As well, levels of As, Cd and Pb are
generally higher near those facilities where smelt-
ing is conducted compared with those where refin-
ing alone takes place(Table 2), reflecting the
lesser amounts of these metals emitted from
refining.

3. Risk characterization

Epidemiological studies of human populations
exposed to emissions from copper smelters and
refineries and zinc plants in the environment are
considered most relevant to the health assessment,
both in terms of the profile of substances to which
they would have been exposed and the composi-
tion of the study populations(i.e. those exposed
in the environment, including the young, the eld-
erly, and compromised individuals). However, the
results of the available epidemiological studies of
populations resident near such facilities, which are
reviewed in the full report of these assessments
(ECyHC, 2001), are considered inadequate to
characterize exposure–response for both cancer
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and non-cancer effects. The weight of evidence
for health effects from these studies is inadequate,
with the exception of increased levels of Pb in
children’s blood. Although an association with
some endpoints is plausible(e.g. lung cancer),
there is little indication of consistency, strength of
association, or an exposure–response relationship
in these studies. There is also no reliable infor-
mation on the levels of smelter-related substances
to which the populations were exposed, and
accounting for possible confounders, such as
smoking, was inadequate in all of the available
studies. Even the data on blood Pb levels are
available only for a minority of the Canadian
facilities, are mostly at least several years old, and
would reflect unknown contributions from both
current and historical emissions of Pb.

For those substances for which recent data in
ambient air near the Canadian facilities have been
compiled(i.e. As, Cd, Cr, Ni, Pb, SO and PM),2

health assessments conducted under the PSL pro-
gram and other assessment programs are available.
Given the number of substances and the size and
complexity of the relevant database for each, the
health assessments for copper smelters and refin-
eries and for zinc plants relied on these sources
for information on health effects and exposure–
response for the individual substances. In selecting
assessments for individual substances, the criteria
considered included whether the assessment was
strictly health-based, whether the assessment was
specific to the inhalation route of exposure, wheth-
er quantitative measures of exposure–response
were developed, and how recently the assessment
was conducted. The assessments selected included
those conducted for the PSL program for As(ECy
HWC, 1993), Cd (ECyHC, 1994a), Cr (ECyHC,
1994b), Ni (ECyHC, 1994c) and respirable PM
(ECyHC, 2000), and in development of the WHO
Air Quality Guidelines for Europe for Pb and
SO (WHO, 2001).2

In Table 5, for each of the metals, SO and PM,2

a brief summary of the assessment of the substance
under the PSL program or the WHO air quality
guidelines program is presented, including the
weight of evidence for the critical effect and the
basis for the health-based measure of exposure–
response or guidance value for the critical effect.

For Priority Substances for which the weight of
evidence of carcinogenicity is sufficient, estimated
exposure is compared to quantitative estimates of
carcinogenic potency, to characterize lifetime can-
cer risk. Potency is usually expressed as the dose
or concentration that induces a 5% increase in the
incidence or mortality due to relevant tumours
(TD or TC ), based on data obtained in toxi-05 05

cological studies in experimental animals or epi-
demiological investigations in exposed human
populations.

The risk posed to nearby populations by expo-
sure to the various substances released from Cana-
dian copper smelters and refineries and zinc plants
has been characterized by relating the concentra-
tions in ambient air measured at all sites near these
facilities to the health-based guideline or measure
of exposure–response for each substance. Based
on the critical effect(s) for each of the substances
summarized in Table 5, the potential risks from
As, Cd, Cr and Ni are considered together, fol-
lowed separately by each of Pb, SO and PM.2

Releases from copper smelters and refineries
and zinc plants include complex mixtures of sub-
stances, including SO and numerous heavy met-2

als. It is known that some of the components of
these releases can interact in inducing toxic effects;
for example, simultaneous exposure to Zn is
known to protect against the toxicity of Cd, and
SO may enhance the respiratory carcinogenicity2

observed in workers at non-ferrous metal ore
smelters(Krishnan and Brodeur, 1991). However,
the available data are inadequate to characterize
possible interactions among the numerous sub-
stances released from copper smelters and refin-
eries and zinc plants, and in the following risk
characterization, it is assumed that there is no
interaction.

3.1. Arsenic, cadmium, chromium and nickel

Carcinogenicity is considered to be the critical
effect for As, Cd, Cr and Ni, based on the
sufficient weight of evidence for pulmonary car-
cinogenicity in occupational populations or exper-
imental animals following inhalation of inorganic
compounds of each of these metals. For such
substances, estimates of exposure are compared
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Table 5
Summary of the weight of evidence for the critical effect and the basis for the health-based measure of exposure–response or guidance value for the
critical effect for As, Cd, Cr, Ni, Pb, SO and PM2

Substance and critical effectWeight of evidence for critical effect Measurement of exposure–response
for critical effect

Arsenic Lung cancer Inorganic As compounds are The TC s for inhaled arsenic were 7.8, 1005

considered to be carcinogenic to and 51mgym , based on data presented3

humans, based principally on in the large studies of workers at the Tacoma
on epidemiological associations between smelter(Enterline et al., 1987), the
inhaled As and increased mortality Anaconda smelter(Higgins et al., 1986)
due to respiratory cancer and the Ronnskar smelter(Jarup et al., 1989),
(ECyHWC, 1993; Hughes et al., 1994a) respectively(ECyHWC, 1993; Hughes et al., 1994a).

These values are equivalent to unit risks
of 6.4=10 , 5.0=10 and 9.8=10 (mgym ) ,y3 y3 y4 3 y1

respectively

Cadmium Lung cancer Inorganic Cd compounds are The TC was 5.1mg Cdym , based on data3
05

considered to be probably on lung cancers induced in rats by long-term
carcinogenic to humans, on the inhalation of Cd chloride aerosols(Takenaka et al., 1983).
basis principally of lung cancers This value is equivalent to a unit risk of 9.8=10 (mgym )y3 3 y1

induced in several studies in
rodents inhaling Cd chloride,
oxide, sulphate or sulphide
(ECyHC, 1994a; Newhook et al., 1994)

Chromium Lung cancer The group of hexavalent Cr The TC for inhaled Cr(total) was estimated05

compounds as a whole is to be 4.6mgym and for hexavalent Cr has been3

considered to be carcinogenic to estimated to be 0.66mgym , on the basis of an3

humans, on the basis of its epidemiological study by Mancuso(1975)
documented carcinogenicity in (ECyHC, 1994b; Hughes et al., 1994b).
the lungs in human populations These values are equivalent to unit risks of 1.1=10y2

exposed by inhalation in the and 7.6=10 (mgym ) , respectivelyy2 3 y1

occupational environment
(ECyHC, 1994b; Hughes et al., 1994b)

Nickel Lung cancer Each of oxidic, sulphidic and soluble The TC for inhaled oxidic, sulphidic and soluble05

Ni is considered to be carcinogenic Ni(combined) for lung cancer mortality ranged from
to humans, based principally on 40 to 100mgym , based on data for mortality from3

sufficient and consistent evidence of lung cancer in workers at the Inco mining, smelting
the carcinogenicity of the compounds and refinery operations in Ontario at Copper Cliff,
in adequate epidemiological studies Coniston and Port Colborne(ECyHC, 1994c
in different types of exposed workers Hughes et al., 1994c). These values are
(ECyHC, 1994c; Hughes et al., 1994c) equivalent to unit risks of 1.3=10 –5.0=10 (mgym )y3 y4 3 y1

Lead Neurobehavioral Based on consistent effects reported An ambient air guideline of 0.5mgym (annual average)3

development for measures of cognitive functioning was calculated based on the critical level of Pb in
such as the psychometric IQ in children blood of 10mgydl, in combination with regressions
exposed environmentally to Pb, the between levels of Pb in ambient air and in blood and
WHO (2001) identified a critical estimates of the indirect contribution through
level of Pb in blood of 10mgydl dustysoil (WHO, 2001)

Sulphur dioxide 24-h SO concentrations were associated2 An Air Quality Guideline value of 125mgym for 24-h3

Cardiorespiratory effects with increased mortality and emergency periods(WHO, 1987, 2001) was
department admissions for derived by applying a twofold uncertainty factor to
cardiorespiratory causes, and respiratory the LOAEL for respiratory morbidity over this duration
morbidity in asthmatics and bronchitics
(WHO, 1987, 2001)
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Table 5(Continued)

Substance and critical effectWeight of evidence for critical effect Measurement of exposure–response
for critical effect

Particulate matter Epidemiological associations have Endpoint % Increase of risk per 10mgym of PM3
10

Cardiorespiratory effects been observed between ambient levels
Acute increase in mortality 0.8%(unweighted); 0.5% (weighted)of PM and a range of health outcomes,
Acute increase in respiratory 0.35%–7.3%including daily mortality, respiratory
hospitalizations and emergencyand cardiovascular hospitalizations,
department visitsimpaired lung function, adverse
Acute increase in cardiovascular 0.56–1%respiratory symptoms and medication
hospitalizationsuse, restricted activity days and the
Acute pulmonary function 0.09–0.4%frequency of reported chronic respiratory
decrementsdiseases(ECyHC, 2000).
Acute increase in symptoms 0.6–2.2%
Acute increase in respiratory 9.0%
symptom-related activity
restriction
Long-term increase in mortality 10% from cohort studies
Long-term pulmonary 1.4% increase in odds from
function decrements cross-sectional studies
Long-term increase in symptoms From non-significant to 39%

increase in odds from cross-sectional studies

with quantitative estimates of cancer potency to
derive an Exposure Potency Index(EPI), in order
to characterize lifetime cancer risk under CEPA
(Health Canada, 1994).

For each monitoring site at each Canadian cop-
per smelter and refinery and zinc plant, a total EPI
was developed as a measure of lifetime lung cancer
risk (Table 6), as follows. A separate EPI was first
calculated for each metal, as the ratio of the annual
average concentration to the TC for lung cancer05

mortalityyincidence, and then these values were
summed. For those metals for which more than
one TC was available the values presented in the05

table are based on the lowest value; the impact of
using these values on the total EPI was modest
(i.e. most often fourfold to fivefold). The total
EPI at a given site included only those metals for
which data were available; based on data from
those sites where monitoring was conducted for
all four metals, the impact of the data for those
metals that were most often missing for the other
sites(i.e. Cr and Ni) was fivefold or less at most
sites. For those facilities that are combined sources
(i.e. the Inco nickel–copper smelter, copper refin-
ery and nickel refinery in Sudbury, the Falconbrid-
ge–Kidd Creek copper smelter and refinery and
zinc plant in Timmins, and the Cominco lead
smelter and zinc plant in Trail), that portion of the

EPI that was attributable to the operation(s) that
are the subject of this assessment(i.e. those in
which copper or zinc are processed) was estimated,
based on the source attribution developed by Envi-
ronment Canada(ECyHC, 2001).

The total EPI values and the corresponding
margins between carcinogenic potency and esti-
mated exposure for each monitoring site in the
vicinity of Canadian copper smelters and refineries
and zinc plants are presented in Table 6. Based on
these margins, the risk is considered to be in the
high range for copper smelters, to range from low
to high for copper refineries, and to range from
low to high for zinc plants, compared with other
substances assessed under the PSL program. In
general, the margins are smallest near copper
smelters, largest near copper refineries, and inter-
mediate near zinc plants, although there is consid-
erable variation among facilities of a given type
(i.e. two orders of magnitude or more).

3.2. Lead

There is extensive evidence linking blood Pb
levels to a variety of health effects. However, the
available data on blood lead levels in populations
in the vicinity of copper smelters and refineries
and zinc plants in Canada are not considered
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Table 6
Exposure-Potency Index(EPI) and margin between potency and exposure for lung cancer mortality at sites near Canadian copper smelters and refineries and zinc
plants

Facility Site Metals Total Margin between Priority
EPIa potency and for further

exposure actionb

Noranda-Gaspe(Copper smelter)´ Mines Gaspe´ As, Cd 3.8=10y3 260 High

Noranda-Horne(Copper smelter) Arena Dave Keon As, Cd, Cr, Ni 3.3=10y2 30 High
Laiterie Dallaire As, Cd, Cr, Ni 4.2=10y3 240 High
Hotel de Ville As, Cd, Cr, Ni 1.6=10y2 63 High
Ecole Notre Dame As, Cd 2.3=10y2 43 High
250 6 rueieme As, Cd 7.6=10y2 13 High

HBM&S (Copper smelter Barrow Prov. Bldg. As, Cd Copper smelter 1.4=10y2 71 High
and Zinc plant) Zinc plant 0c – Low

Ruth Betts School As, Cd Copper smelter 3.2=10y3 310 High
Zinc plant 0c – Low

FF Sewage Plant As, Cd Copper smelter 3.2=10y3 310 High
Zinc plant 0c – Low

Noranda-CCR(Copper refinery) 1111 Notre Dame As, Cd, Cr, Ni 5.8=10y3 170 High

Noranda-CEZinc(Zinc plant) Boul. Cadieux Cd 3.7=10y3 270 High

Falconbridge-Sudbury(Nickel and Edison As, Cd, Cr, Ni 2.3=10y2 43 High
Copper matte smelter) Pumphouse As, Cd, Cr, Ni 2.3=10y2 43 High

Inco-Copper Cliff(Nickel and Copper Cliff As, Cd, Cr, Ni Copper smelter 1.4=10y2 71 High
Copper smelter, Copper refinery Copper refinery 5.4=10y5 18 500 Moderate
and Ni refinery) Federal Bldg. Cd, Cr, Ni Copper smelter 5.5=10y3 180 High

Copper refinery 0 – Low
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Table 6(Continued)

Facility Site Metals Total Margin between Priority
EPIa potency and for further

exposure actionb

Falconbridge-Kidd Creek AMS�1 As, Cd Copper smelter 2.8=10y3 360 High
(Copper smelter, Copper refinery, Copper refinery 0 – Low
Zinc plant) Zinc plant 4.2=10y3 240 High

AMS �6 As, Cd Copper smelter 7.6=10y3 130 High
Copper refinery 0 – Low
Zinc plant 1.1=10y2 91 High

AMS �7 As, Cd Copper smelter 1.8=10y3 560 High
Copper refinery 0 – Low
Zinc plant 3.3=10y3 300 High

Cominco-Trail(Lead smelter, West Trail As, Cd Zinc plant 6.6=10y4 1500 High
Zinc plant) Oasis As, Cd Zinc plant 5.9=10y4 1700 High

Warfield As, Cd Zinc plant 5.0=10y4 2000 High
Genelle As, Cd Zinc plant 4.9=10y4 2000 High
Glenmerry As, Cd Zinc plant 6.8=10y4 1500 High
Downtown As, Cd Zinc plant 7.1=10y4 1400 High
Columbia Gardens As, Cd Zinc plant 8.3=10y4 1200 High
Northport As, Cd Zinc plant 4.3=10y4 2300 High

The sum of the Exposure-Potency Indices(i.e. the annual average concentration in ambient air from Table 2 divided by the TC for lung cancer mortalityya
05

incidence) for each of the metals for which monitoring data at the site were available. The TC values were 7.8mgym for As, 5.1mgym for Cd, 0.66mgym for3 3 3
05

Cr and 40mgym for Ni. These values are equivalent to unit risks of 6.4=10 , 9.8=10 , 7.6=10 and 1.3=10 (mgym ) , respectively. See Table 5 for3 y3 y3 y2 y3 3 y1

discussion of the basis for the TC values for each metal.05

The priority for further action(i.e. analysis of options to reduce exposure) is considered to be high for EPIs of approximately 2=10 or greater; moderate forb y4

EPIs within the range of approximately 2=10 –2=10 ; and low for EPIs less than approximately 2=10 (Health Canada, 1994).y6 y4 y6

Due to the process used, releases of metals to air from the zinc plant are negligible.c
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suitable as a basis for assessing risks to health
from current releases of Pb, primarily because both
current and historical emissions will contribute to
children’s blood Pb levels. Instead, the potential
for health effects from exposure to current releases
of Pb from Canadian copper smelters and refineries
and zinc plants has been assessed by comparing
recent data on levels of Pb in ambient air near
these facilities to the WHO ambient air quality
guideline of 0.5 mgym (annual average). The3

annual mean concentrations of Pb in ambient air
are elevated above regional background near all of
the Canadian facilities(Table 2), although levels
exceeding the WHO guideline occur near just a
few of the facilities, including two of the copper
smelters and the Falconbridge–Kidd Creek smelt-
ing and refining complex. Although the latter
facility also includes a copper refinery, zinc refin-
ery and concentrator, virtually all of the Pb emitted
from this facility is released from the copper
smelter(ECyHC, 2001).

3.3. Sulphur dioxide

The ambient 24-h concentrations of SO in the2

vicinity of Canadian copper smelters and refineries
and zinc plants are elevated. These increased levels
are also reflected in exceedences of the 24-h WHO
Air Quality Guideline for Europe for SO of 1252

mgym (WHO, 2001), intended to protect sensitive3

individuals against health effects. While the guide-
line is exceeded occasionally near all of the facil-
ities, this occurs most often in the vicinity of
certain of those where copper is smelted.(The
long-term WHO guideline of 50mgym for an3

annual average(WHO, 2001) was not exceeded
near any of the Canadian copper smelters and
refineries or zinc plants). While some of the
Canadian facilities include process streams that are
not the subject of those assessments(e.g. the
Cominco lead operations in Trail), the emissions
of SO from the combined sources are estimated2

to be principally or entirely due to the copper
smelters or zinc plants(i.e. between 80 and 100%)
(ECyHC, 2001).

3.4. Particulate matter

Given the considerable uncertainties in both the
estimates of exposure–response for the various
health outcomes associated with exposure to PM
and the background concentrations of PM, the
potential magnitude of health impacts of PM in
the area near these facilities has not been estimat-
ed. However, it is noted that the range of annual
mean concentrations of PM near the Canadian10

facilities (Table 4) overlaps the range of long-term
mean concentrations from epidemiological studies
in which exposure to PM has been associated10

with a variety of cardiorespiratory effects. For
those facilities that are combined sources, most of
the particulate emissions are expected to arise from
the copper smelting or zinc plants, with the excep-
tion of the Cominco facility in Trail, where 1995
data indicate that approximately 90% was associ-
ated with Pb processing(RDIS, 1995).

4. Discussion

The focus of the health assessments was on
evaluating the potential impacts of current releases
of substances from copper smelters and refineries
and from zinc plants in Canada. To that end, the
monitoring data from environmental media were
restricted to those for ambient air, which were
expected to reflect current releases. The results of
studies of environmental Pb near the Cominco lead
smelter and zinc plant at Trail, B.C. provide
support for this assumption(Hilts et al., 1998). In
these studies, several lines of evidence indicated
that air transport of re-entrained historical reser-
voirs of Pb was minimal compared with current
emissions:(1) the amount of Pb suspended in air
was nearly four times higher when the wind blew
predominantly from the smelter toward the sam-
pling station compared with when it blew away;
(2) while total dustfall increased in summer
months, when the ground is bare and the weather
dry, the amount of Pb in dustfall was highest in
winter months when emission dispersion condi-
tions were poor;(3) there were declines of up to
80%–90% in airborne Pb and in dustfall Pb during
a 1 month shutdown of the smelter; and(4) Pb
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concentrations in dustfall were generally very high
()10 000 mgykg), even higher than in the very
fine fraction of soil. Structural equations pathway
modelling in this community explained 71% of
the variation in blood Pb in local children and
indicated that the main direct contributor to blood
Pb was house dust Pb loading and that environ-
mental Pb passed from dust fall through street
dust, soil and yard waste into house dust(Hilts et
al., 1998). Following the introduction of a new Pb
smelter in 1997, which reduced emissions of Pb
substantially, children’s geometric mean blood Pb
concentrations declined by almost half, from 11.5
mgydl in 1996 to 5.9mgydl in 1999 (Hilts et al.,
1998; Hilts, 2001).

Thus, the results of studies near Trail confirm
that both airborne levels and exposure of local
populations to particulate metals are strongly influ-
enced by recent releases from the smelter. This
would be expected to be even more pronounced
near some of the other Canadian copper smelters
and refineries and zinc plants, from which emis-
sions of Pb and other metals are greater than from
the Trail smelter(NPRI, 1995).

While the number of sites near each of the
Canadian copper smelters and refineries and zinc
plants is small, they are generally well situated
with respect to local populations. Most of the
monitoring stations are located in residential areas,
and there is potential for exposure of the general
population at the commercial and rural sites that
comprise the bulk of the remainder. For these
reasons, it is considered that the available moni-
toring data adequately represent the potential for
exposure of local populations to releases from
these facilities, in spite of the limited nature of the
monitoring network.

There are no quantitative data on the species of
metals present in ambient air near Canadian copper
smelters and refineries and zinc plants. It is known
that the various chemical species of a given metal
can differ markedly in bioavailability and toxicity.
Speciation was addressed to the extent possible in
the PSL assessments for As, Cd, Cr and Ni, and
was clearly identified as an important information
gap; however, these data do not appear to have
been generated in the interim.

The characterization of effects for the health
assessment was limited by the lack of meaningful
direct data on effects on local populations of the
mixture of substances released from copper smelt-
ers and refineries and zinc plants in Canada. This
is the reason that other assessments were relied on
for information on exposure–response for the large
number of components of releases that were con-
sidered. In some of these other assessments(i.e.
As, Cd, Cr and Ni), exposure–response was char-
acterized based on studies of workers or laboratory
animals exposed to much higher levels of sub-
stances than for populations resident near the
Canadian facilities. On the other hand, confidence
in the effects assessment is increased by the fact
that the critical effects for some substances(i.e.
Pb, SO and PM) have been determined based2 10

on epidemiological studies that were conducted at
ambient levels of pollutants in the same range as
those observed near the Canadian facilities consid-
ered in this assessment, and on populations that
included critical sub-populations in terms of expo-
sure and sensitivity.

With respect to those components of releases
that affect the same endpoint(i.e. lung cancer), it
has been assumed that there is no interaction
among them, even though, for example, there is
evidence that SO enhances the respiratory carcin-2

ogenicity of As(Krishnan and Brodeur, 1991). In
addition, there is a lack of monitoring data for
some carcinogenic metals(i.e. Cr and Ni) near
some Canadian copper smelters and refineries and
zinc plants. As a consequence of these factors,
risks may have been underestimated. This is offset
somewhat by the use of the most conservative
TC values, though these have only a modest05

impact on the margin between potency and
exposure.

The results of monitoring near the Canadian
copper smelters and refineries and zinc plants
indicate that releases from these facilities result in
increased potential for inhalation exposure of local
human populations to the substances included in
these assessments. Airborne concentrations in the
vicinity of these metal-processing operations over-
lap those associated with cardiorespiratory effects
for PM , and exceed health-based guidelines for10
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SO and Pb. In addition, the margin between the2

airborne levels of As, Cd, Cr and Ni near these
facilities with the tumorigenic potency for each of
these metals is relatively small especially for cop-
per smelters(though there is considerable variation
among facilities of a given type) (Table 6). On
this basis, the risk to human health from environ-
mental exposure to releases from these facilities in
Canada is considered to be high compared with
other Priority Substances assessed under CEPA,
especially for those where copper is smelted.

These health assessments of releases from cop-
per smelters and refineries and from zinc plants
necessitated consideration of a limited number of
components of the complex mixtures of substances
released. The components examined were among
those released to air in the greatest quantities, as
well as those that were considered a priori to be
most likely of concern for human health. Investi-
gations of options for risk management for these
facilities should also take into consideration other
substances of potential concern, some examples of
which include Hg, dioxins and furans.
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